Abstract. Fat mass and obesity-associated (FTO) protein has been identified as a critical demethylase in regulating cellular mRNA stability by removing N 6 -methyladenosine (m 6 A) residues in mRNA. Even though the role of FTO in body energy metabolism has been well established, its role in cancer cell homeostasis remains unclear. In the present study, by using RNA interference, it was indicated that FTO is required for pancreatic cancer cell proliferation. Knockdown of FTO resulted in compromised proliferation of pancreatic cancer cells. Furthermore, DNA synthesis was compromised, followed by an increase in apoptosis in FTO small interfering RNA (siRNA)-treated cells. In terms of its underlying mechanism, FTO has been indicated to interact with MYC proto-oncogene, bHLH transcription factor and to enhance its stability by decreasing its m 6 A level. Therefore, the aforementioned observations indicate a novel mechanism for the regulation of pancreatic cancer cells by FTO, which may provide insight on pancreatic cancer treatment strategies.
Introduction
Fat mass and obesity-associated (FTO) protein was first identified as a protein associated with obesity (1, 2) . Its overexpression is associated with obesity occurrence, whereas its underlying mechanisms remain unclear. As a member of AlkB-like DNA/RNA demethylase family, FTO contains a universal amino-terminal AlkB-like domain and a carboxy-terminal domain (3, 4) . In contrast to other family members, an extra loop in FTO, which competes with the unmethylated strand of the DNA duplex for binding to FTO, engages higher specificity to single-stranded RNA or DNA substrates (4) . Importantly, a catalytic activity of FTO towards RNA has been previously identified (5) . FTO contains a Fe(II) binding domain and substrate recognition domain, which catalyzes the removal of the methyl group on N 6 -adenosine in mRNA (5) . As a prevalent internal modification of mRNA, N 6 -adenosine methylation (m 6 A) serves important roles in mRNA metabolism, including localization and stability. Oxidative demethylation by FTO represses the recognition of mRNA by YTH domain family protein for mRNA decay (6) . The aforementioned observations indicate an important uncharacterized regulatory mechanism for gene expression.
By using a genetically engineered mouse model, the physiological functions of FTO have been extensively studied. Germline loss of FTO leads to perinatal lethality, growth retardation and reduced body weight, indicating that FTO is required for mammalian development (2, 7) . However, the underlying roles of FTO in other pathological processes, including the occurrence and development of cancer, remain unclear.
Treatment of pancreatic cancer remains inefficient, due to its high resistance to traditional therapeutic strategies, including chemotherapy, radiotherapy and surgical resection (8) (9) (10) . Therefore, future studies to provide additional insight for the molecular and cellular mechanisms for the development of novel treatment strategies are required.
In the present study, the function of FTO in pancreatic cancer cell homeostasis was characterized to establish the association between them. Whether FTO participates in pancreatic cancer cell homeostasis through regulation of m 6 A modification was also studied. It was revealed that FTO was highly expressed in pancreatic cancer cells, and FTO knockdown resulted in compromised pancreatic cell proliferation and reduced DNA synthesis. Accordingly, mRNA methylation was accumulated. In conclusion, a previously unknown function of FTO in pancreatic cancer was uncovered, shedding light on a novel molecular target for pancreatic cancer treatment. MTT assay. Following FTO RNAi transfection for 12 h, PANC1, SW1990 and BXPC-3 cells were plated into 96-well plates for further culture at 37˚C and samples were taken at day 2, 4 and 8. A total of 20 µl of MTT solution (5 mg/ml), dissolved in DMEM, was subsequently added into the cells and incubated for 2 h at 37˚C. Precipitates were subsequently dissolved by dimethylsulfoxide for 20 min at room temperature. Absorbance was recorded at a wavelength of 540 nm using a microplate reader elx 800 (BioTek Instruments, Inc., Winooski, VT, USA).
Materials and methods

Tissues
Bromodeoxyuridine (BrdU) assay. For BrdU incorporation assay, PANC-1, SW1990 and BXPC-3 cells were plated in 8-well chamber slides at density of 3x10 4 /ml. Following 48 h of transfection, cells were incubated with 10 µM BrdU for an additional 2 h. Cells were then fixed with 2% formaldehyde for 30 min at room temperature and permeabilized with 0.2% Triton X-100, followed by incubation with anti-BrdU primary antibody (1:1,000; cat. no. ab152095; Abcam, Cambridge, UK) overnight at 4˚C. Cells were subsequently incubated with PE-Cy7-labeled mouse anti-rabbit secondary antibody (1:400; cat. no. sc-516721; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 1 h at room temperature. Images were acquired using a fluorescent microscope (magnification, x400; Leica Microsystems, Inc., Buffalo Grove, IL, USA) and analyzed with ImageJ software (v1.8.0; National Institutes of Health, Bethesda, Maryland, USA).
TUNEL assay. For TUNEL assay, cells at a density of 3x10 4 /ml were fixed with 2% formaldehyde for 30 min at room temperature and the TUNEL assay was performed according to the manufacturer's protocol (Click-iT ® TUNEL Alexa Fluor ® 488 Imaging assay; cat. no., C10245; Thermo Fisher Scientific, Inc.). Ten fields of view at x400 magnification were observed using a fluorescent microscope (Leica Microsystems, Inc.).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
RNA from PANC-1, SW1990 and BXPC-3 cells was isolated by TRIzol (Thermo Fisher Scientific, Inc.) and subsequently used for cDNA synthesis with High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocols. RT-qPCR was performed using StepOne/StepOnePlus™ Real-time PCR System with SYBR Green PCR Master mix (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocols. The sequence of the FTO primers used in RT-qPCR were the following: Forward, 5'-ACT TGG CTC CCT TAT CTG ACC-3' and reverse, 5'-TGT GCA GTG TGA GAA AGG CTT-3'. An optimal reaction was obtained with the following thermocycling conditions: Initial denaturation at 95˚C for 10 min; 45 cycles of denaturation at 95˚C for 15 sec, annealing at 60˚C for 1 min and elongation at 72˚C for 1 min; and a final extension at 72˚C for 10 min. β-actin mRNA was used as a control and the level of FTO mRNA expression was normalized to β-actin mRNA using the 2 -ΔΔCq method (11) . The sequence of the β-actin primers were as follows: Forward, 5'-CTC CAT CAT GAA GTG TGA CGT T-3' and reverse, 5'-ATC TCC TTC TGC ATC CTG TCA G-3'. For amanitin treatment, a final concentration of 2.5 mg/l amanitin (cat. no., A2263; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was added to the culture medium and incubated at 37˚C for 30, 60 and 120 min.
RNA immunoprecipitation.
A total of two 10-cm plates of PANC-1 cells (selected as representative cells) were crosslinked by 1% paraformaldehyde for 10 min at room temperature. Cells at a density of ~2x10 7 /ml were subsequently neutralized with 2 mg/ml glycine and lyzed in cell lysis buffer (150 mM KCl, 10 mM HEPES pH 7.6, 2 mM EDTA, 0.5% NP-40, 0.5 mM DTT, RNase inhibitor) on ice for 30 min. Cell lysate were subsequently sonicated (20 KHz; 5s sonication, 5s pause, 12 cycles) at 4˚C and precleaned by Dynabeads ® Protein G (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocols. FTO antibody (1:50; cat. no. ab92821; Abcam) and control IgG (1:50; catalog no. ab188776; Abcam) were incubated with the sonicated lysates overnight at 4˚C. Dynabeads ® Protein G was subsequently incubated with the lysate for an additional 2 h at 4˚C. Immunoprecipitated complex were subsequently washed with standard Chromatin immunoprecipitation (cat. no., 17-295, Merck KGaA, Darmstadt, Germany), according to the manufacturer's protocols. TRIzol was subsequently added into the supernatant to extract immunoprecipitated RNA.
Western blot analysis. Cells were harvested in lysis buffer (100 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40 and protein inhibitor cocktail) and centrifuged at 1,000 x g for 3 min at 4˚C to collect the supernatants. Samples were separated with 12% Mini-PROTEAN ® TGX™ Precast Gels (cat. no., 4561093; Bio-Rad Laboratories, Inc., Hercules, CA, USA) and 50 µg total protein determined with BCA assay (cat. no. 23235; Thermo Fisher Scientific, Inc.) was loaded into each lane. The gel was subsequently transferred to Immobilon ® -P polyvinylidene difluoride Membrane (cat. no., IPVH00010; EMD Millipore, Billerica, MA, USA). The membrane was subsequently blocked with 5% Blotting-Grade Blocker (cat. no., 1706404; Bio-Rad Laboratories, Inc.) dissolved in Tris-buffered saline containing Tween-20 (PBST) at room temperature for 2 h. The blots were incubated with antibodies against FTO (cat. no., sc-271713; Santa Cruz Biotechnology, Inc.), GAPDH (cat. no., sc-47724; Santa Cruz Biotechnology, Inc.) or anti-FLAG-M2 (cat. no., F1804; Sigma-Aldrich; Merck KGaA) diluted at 1:1,000 with blocking buffer overnight at 4˚C, followed by washing with PBST and horseradish peroxidase (HRP)-conjugated anti-mouse secondary antibody (cat. no., sc-2005; Santa Cruz Biotechnology, Inc.) diluted at 1:5,000 with blocking buffer for 30 min at room temperature. Following washing with PBST, protein bands were visualized by enhanced chemiluminescence (cat. no., 7003; Cell Signaling Technology, Inc., Danvers, MA, USA) and analyzed with ImageJ software (v1.8.0; National Institutes of Health).
Dot blot. mRNA was isolated with Magnetic mRNA
Isolation kit (New England BioLabs, Inc., Ipswich, MA, USA), according to the manufacturer's protocols. 200 ng total mRNA was spotted onto a nitrocellulose membrane (Thermo Fisher Scientific, Inc.), which was subsequently crosslinked by ultraviolet exposure. The membrane was subsequently incubated with 5% non-fat milk and blocked for 30 min at room temperature. Anti-m 6 A antibody (cat. no. 202 111; 1:1,000; Synaptic Systems, Goettingen, Germany) was incubated with the membrane overnight at 4˚C. HRP-conjugated rabbit secondary antibody (cat. no. sc-2357; 1:10,000; Santa Cruz Biotechnology) was incubated with the membrane at room temperature for 2 h. Subsequently, the membrane was used for further chemiluminescence analysis.
Statistical analysis. Statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA). Comparisons between 2 groups were analyzed using an unpaired Student's t-test. Data are presented as the mean ± standard error of mean. Comparisons between 3 or more were analyzed by one-way analysis of variance followed by Tukey's post hoc test. P<0.05 was considered to indicate a statistically significant difference
Results
Overexpression of FTO in pancreatic cancer cells.
To determine the expression profile of FTO in pancreatic cancer cells, the expression levels in normal pancreatic epithelial cells HPDE and pancreatic cancer cell lines SW1990, PANC-1 and BXPC-3 were examined. Higher mRNA expression levels of FTO were observed in SW1990, PANC-1 and BXPC-3 cells compared with expression level of HPDE (Fig. 1A) . Accordingly, the protein expression level of FTO was upregulated in SW1990, PANC-1 and BXPC-3 compared with that in HPDE cells (Fig. 1B) . Increased FTO expression was also observed in pancreatic tumors (Fig. 1C) .
FTO knockdown compromises pancreatic cancer cell proliferation.
To examine the roles of FTO in pancreatic cancer cells, RNAi was used to knockdown the expression levels of FTO in PANC-1 cells. FTO protein expression was successfully knockdown in PANC-1 cell lines (Fig. 2A) . FTO siRNA-treated PANC-1 cells exhibited reduced proliferation compared with scramble siRNA-treated PANC-1 cells at days 4 and 8 (Fig. 2B) . Accordingly, DNA synthesis was reduced in FTO siRNA-treated PANC-1 cells (Fig. 2C) . Furthermore, apoptosis was increased in FTO knockdown PANC-1 cells (Fig. 2D) . To verify the results from the PANC-1 cells, proliferation in SW1990 and BXPC-3 in response to treatment using FTO siRNA was examined. FTO knockdown lead to similar cytotoxic effects on the proliferation of SW1990 and BXPC-3 cells for 8 days (Fig. 2E and F) . These data indicate that FTO may regulate proliferation in pancreatic cancer cells by modulating cell cycle progression. FTO regulates mRNA m 6 A levels. To examine the underlying mechanisms of FTO in the proliferation and cell cycle of pancreatic cancer cells, the m 6 A levels in PANC-1 cells were determined. FTO knockdown resulted in increased m 6 A expression levels compared with scramble siRNA-treated PANC-1 cells (Fig. 3A) , indicating FTO serves important roles in the regulation of m 6 A expression levels in PANC-1 cells. Since c-Myc is a critical mediator in regulating cell entry into S phase of cell cycle (12) , further investigation on whether FTO may interact with c-Myc expression and regulate its metabolism in PANC-1 cells was carried out. By using RNA immunoprecipitation, which enriches FTO-interacting RNA, with FTO antibody in PANC-1 cells, it was observed that FTO interacts with c-Myc expression (Fig. 3B) . c-Myc expression was reduced following FTO knockdown (Fig. 3C) . To test the stability of c-Myc expression, amanitin, a specific inhibitor of RNA polymerase II, was used to inhibit mRNA de novo synthesis in PANC-1 cells. The degradation of existent c-Myc expression was subsequently monitored. As expected, enhanced loss of c-Myc expression was detected in FTO knockdown PANC-1 cells, indicating its stability was compromised in FTO deficient PANC-1 cells (Fig. 3D) . These data strongly suggest that c-Myc is a primary target for FTO-mediated cell cycle regulation in pancreatic cancer cells. To verify this, c-Myc was overexpressed in FTO knockdown PANC-1 cells (Fig. 3E) . To verify its significance in FTO-regulated proliferation, c-Myc was overexpressed in FTO knockdown cells and it was indicated that c-Myc significantly restored proliferation (Fig. 3F) . Therefore, c-Myc is suggested to serve a major role in FTO-mediated proliferation.
Discussion
mRNA carries genetic information between the DNA and the protein, and the underlying mechanisms for mRNA generation and decay have been extensively studied. Similar to DNA, mRNA can also be modified (13) (14) (15) . One of its most documented internal modifications is in its m 6 A sites (16, 17) . Until recently, the functions of this modification remained unclear. m 6 A has been reported to decrease mRNA stability and lead to its degradation. Once m 6 A is demethylated, mRNA is stabilized and relocated into the cytosol for protein translation (6) . These observations indicate a novel mechanism for regulation of gene expression. However, its physiological and pathological significance remain unclear. In the present study, the existence of the aforementioned mechanisms in pancreatic cancer cells was examined. It was indicated that FTO, a primary demethylase in vivo, was overexpressed in pancreatic The regulation of mRNA stability is critical for gene expression in cancer cells (18) . In the past decade, a central role of microRNA in mRNA decay has been established (19, 20) . In the present study, it was revealed that m 6 A demethylation is an important missing mechanism for the regulation of mRNA stability in pancreatic cancer cells. In addition, it was demonstrated that the stability of c-Myc mRNA was compromised upon FTO knockdown, which subsequently repressed DNA synthesis. These data indicated an endogenous target for FTO to regulate pancreatic cancer cell proliferation.
A number of limitations existed in the present study. Due to a lack of knowledge of the accurate m 6 A sites on c-Myc mRNA, an in vitro demethylation assay, combining FTO recombinant protein and methylated c-Myc, was not possible in the present study. Therefore, further investigation is required, as it would assist to identify the direct effects of FTO on c-Myc. In addition, c-Myc was only determined as a primary target of FTO, while other cell cycle-associated proteins have yet to be identified. Further studies will focus on other genes regulated by FTO in pancreatic cancer cells. Given the roles of FTO in energy metabolism, it is possible that metabolism-associated mRNAs were controlled by FTO for pancreatic cancer homeostasis. Therefore, further investigation is required.
In conclusion, it was indicated that mRNA stability regulated by FTO serves important roles in pancreatic cancer cells, suggesting an underlying mechanism for the development and progression of pancreatic cancer. The data of the present study suggest a novel possible therapeutic target for the treatment of pancreatic cancer.
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